Ice slurries are now commonly used as cold thermal storage materials, and have the potential to be applied to other engineering fields such as quenching metals to control properties, emergency cooling systems, and preservation of food and biomaterials at low temperatures. Although ice slurries have been widely utilized because of their high thermal storage densities, previous studies have revealed that the latent heat of ice particles is not completely released on melting because of insufficient contact between the ice particles and a heated surface. In this study, an injection flow that was bifurcated from the main flow of an ice slurry was employed to promote melting heat transfer of ice particles on a horizontal heated surface. The effects of injection angle and injection flow rate on local heat transfer coefficients and heat transfer coefficient ratios were determined experimentally. The results show that from two to three times higher heat transfer coefficients can be obtained by using large injection flow rates and injection angles. However, low injection angles improved the utilization rate of the latent heat of ice near the injection point by approximately a factor of two compared to that without injection.
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Introduction
Since prehistoric times when human survival was based on hunting and agriculture, some forms of thermal storage technology has been recognized as important. Initially, people used controlled fires for heating and cooking by heating some type of stones.
They sometimes used a cave to store snow or ice and preserve food at low temperatures.
Nowadays, heating and air-conditioning systems are widely used throughout the world. Nevertheless, thermal storage by latent heat for both high-and low-temperature applications is still being utilized and studied to save energy and reduce environmental problems.
Alternative sources such as solar energy and wind power offer large amounts of energy but at low energy densities. Therefore, it is natural to consider combining thermal storage systems with alternative energy sources. For example, in hightemperature systems, solar energy can be stored as the latent heat of a thermal storage material. The stored energy can then be used as the heat source of a heat pump system [1] [2] [3] . Similarly, in wind-power generation, excess electrical power can be used to heat stone bricks, thereby storing the excess energy as sensible heat.
In contrast, for low-temperature systems, ice and snow have long been used as thermal storage media. With the development of refrigeration systems, cold thermal pg. 4 storage systems are sometimes combined with refrigerators to improve the performance of the cooling system and save electrical energy.
An ice-slurry, a mixture of ice particles and water or an aqueous solution, is often used as a thermal storage material in the cold thermal storage systems. It has many liquid-like properties, as well as the latent heat of ice particles is high. Depending on the weight ratio of ice to water, a slurry can have a latent heat that is larger than the sensible heat of the liquid alone. Furthermore, unlike an ice block, the melting heat transfer of a slurry can be substantially enhanced by convection and contact between the slurry and a heated surface. Ice slurries could be utilized for rapid cooling with high heat flux because of its high heat capacity due to its latent heat and direct contact heat transfer between ice particles and a heated surface. For example, ice slurries could be used in the emergency cooling systems of nuclear reactors to control the properties of materials by thermal treatments such as quenching, in the production of amorphous solids, and in the preservations of food and biomaterials at low temperatures. Moreover, in the storage and transport of liquefied gases, the mixed condition of liquid and solid of the gas, namely the slurry condition of the gaseous material, is advantageous because the melting latent heat of the solid absorbs any heat input, thereby preventing sudden volume changes.
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In all the above-mentioned applications of ice slurries, the promotion of heat transfer on heated surfaces is essential. In other words, identifying effective ways to retrieve the latent heat from the phase change of solids in the slurries is necessary.
In conventional dynamic cold thermal storage systems using ice slurries, ice particles usually melt in a storage tank and their latent heat of melting is released through the ambient liquid. However, the latent heat melting ice is likely to be utilized more efficiently if ice particles melt on a heat transfer surface through direct contact.
The basic properties and melting heat transfer characteristics of ice-slurries for use in direct contact heat exchangers have been investigated previously. The critical review by Egolf and Kauffeld [4] and references therein show many previous studies of ice-slurry cold thermal storage systems; the properties studied include velocity profiles, ice-fraction profiles, pressure losses, and heat transfer rates for a variety of flow conditions. After the review by Egolf and Kauffeld, some studies have reported the melting heat transfer of ice-slurry flows through tubes, and correlation equations for melting heat transfer were derived from the results [5] [6] [7] [8] . In addition, some numerical approaches have been exploited to build a heat transfer model for melting of ice slurries [9, 10] .
In addition to the basic studies cited above, use of ice slurries as a secondary coolant pg. 6
in heat exchangers has been widely investigated [11] [12] [13] . Kawanami et al. [14] reported that the latent heat of melting ice is not completely utilized within the heat transfer section having a heated surface. They measured ice fractions at both the inlet and outlet of a 1-m long horizontal flow duct with a horizontal heated surface at its bottom. They found only a small difference in ice fractions between the inlet and outlet. The melting rate of ice particles in a slurry was small probably because of the following reasons: 1) Depending on the configuration of the heat exchanger, maintaining direct contact between ice particles and the heated surface may be difficult.
2) A melted liquid film, which forms on the heated surface, serves as a boundary layer that prevents direct contact with ice particles.
At present, the advantage of high latent heat of ice particles may be irrelevant for using ice slurries. However, if the melting heat transfer of ice in the slurry can be enhanced, then a more efficient heat exchange in retrieving cold thermal energy could be achieved. This means that the size of the heat exchanger can be reduced. In addition, the use of ice slurries in emergency cooling systems of nuclear reactors could be realized.
The main idea of the present study is that the contribution of the latent heat of melting to heat transfer can be enhanced by making ice particles in the slurry directly pg. 7 collide with the heated surface. Direct injection of the slurry onto a heated surface effects heat transfer in the following two ways: one is stated above and the other is the turbulent flow promotion, which will increase heat transfer.
The objectives of the present study are to determine the effects of a variety of conditions on local heat transfer characteristics and evaluate the contribution of the latent heat of melting ice to heat transfer when an injection system is employed. Greek symbols The ice-slurry tank, whose capacity was 1.5 m 3 , was made of an acrylic plate. It was separated into the following two parts: the area where the ice slurry was produced and a storage area. In the production area, a heat exchanger made of a silicone tube of 15-mm inner diameter was installed to produce the ice slurry by freezing an aqueous solution of ethylene glycol.
Nomenclature
From the initial concentration of the ethylene glycol solution and temperature of the ice slurry in the production process, the solid fraction of produced ice slurry can be determined. After the predetermined solid fraction of ice slurry was obtained, the ice slurry was driven by a pump; its total flow rate was set and measured by an electromagnetic flow meter. Manipulating the main and bifurcation valves sets the flow rates at both the inlet of the test section and injection flow duct.
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A detail of the test section is depicted in Fig. 1 The positions of the thermocouples are indicated in Fig. 1(b) . The surface of the heater was electrically insulated by a coating spray.
Method
To produce ice slurries, an aqueous solution of ethylene glycol with initial concentration C 1 was cooled and frozen while being circulated. By assuming local equilibrium of concentration and temperature, C 2 was appropriately determined from pg. 11
the temperature of the slurry. Then, the solid fraction of ice in the slurry Fs could be calculated as
In the experiment, the pumped ice slurry was divided into the main flow (flow rate Q 1 ) and injection flow (flow rate Q 2 ). The total flow rate Q 0 (= Q 1 + Q 2 ) was maintained constant by controlling the main control and bifurcation valves. From each crosssectional area A 1 and A 2 and flow rate Q 1 and Q 2 , the mean velocities u 1 and u 2 can be determined. Then the velocity ratio  can be defined as
The heat flux of the heated surface q was maintained constant at 4000 W/m 2 . This value was chosen from previous experimental results, which showed that the heat flux did not largely effect the heat transfer coefficient for the same order of heat flux and for the range of heat flux of the heat exchanger used in air-conditioning. The solid fraction was set at 0, 10, and 20 wt%. The injection angle to the main flow  was set at 15, 30, and 45. The total flow rate Q 0 was set at 0.72 × 10 -3 , 1.44 × 10 -3 , 2.16 × 10 -3 , and 2.88 × 10 -3 m 3 /s. The flow velocity ratio  was set at 1, 3, and 9.
After steady state was achieved for each test condition, the distributions of local temperature at the heated surface were measured to determine the local heat transfer
To evaluate the contribution of the latent heat of melting ice to the heat transfer coefficient, we introduced the heat transfer coefficient ratio , which is expressed as follows:
where h x,s is the local heat transfer coefficient for an ice-slurry flow and h x,liq is the local heat transfer coefficient of a single-phase flow (in this case, the ethylene glycol solution) with an injection flow. The heat transfer coefficient ratio  can be regarded as the contribution of the latent heat of melting ice to the overall local heat transfer coefficient.
Estimation of measurement errors
Errors in the measured data were estimated from the precision of instruments and fundamental measurements. For concentrations, errors were estimated to be 5% on the basis of the precision of the concentration meter. The precision of the flow velocity meter was 0.1% and that of the cross-sectional area was 2.5%; consequently, errors in volumetric flow rates were estimated to be 2.6%. In the same way, errors in the heat pg. 13
transfer coefficients from Eq. (3) were estimated to be 3.6% on the basis of the precisions of voltage, electric current, surface area, and temperature measurements. The time average of the measured data during the minute after achieving steady state was employed in calculating the results (120 data points sampled every 0.5 s).
Results and Discussion
The injection flow was appropriately bifurcated from the main flow while keeping the total flow rate constant. The injection point was at the middle of the test section.
Therefore, heat transfer before the injection point was readily predicted to decrease because of the decrease in flow rate due to the bifurcation, in contrast to the increase in heat transfer resulting from the injection. The present investigation aims to determine the optimum conditions for the bifurcated injection flow, such as its flow rate and injection angle.
Enhancement of local heat transfer of the single-phase flow by injection
The effect of injection without ice particles was determined using a single-phase fluid (the ethylene glycol solution). In the area downstream of the injection, local heat transfer depends on both  and .
As shown in Fig. 2 , both larger injection velocities and angles increase the local heat transfer coefficients by approximately three times than those obtained theoretically. At x = 500 mm, local heat transfer shows a maximum at  = 9 and  = 45.
Abramovich [16] used a theoretical approach to propose an equation that predicts a flow axis for a two-dimensional jet into a horizontal flow.
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Note that Eq. (5) was originally derived for a single-phase case under a semi-infinite field. Figure 3 shows In the area before injection, h x is small because the main flow velocity is the smallest in the experiment ( = 9). The local heat transfer coefficients h x show small differences for all cases of  and Fs.
However, just after the injection point (x ≈ 500 mm), local heat transfer coefficients suddenly increase for  = 45 at every Fs condition. In addition, the cases of Fs = 20 wt% ( = 30 and 15) also show large increases in h x . The differences in heat transfer coefficient for the cases with Fs = 10 wt% compared to those for the single-phase case are small. Thus, for all conditions in Figure 4 , h x abruptly increases just after the injection point. These results indicate that h x is higher at larger solid fractions and inlet angles.
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The heat transfer coefficient ratio , which is defined in Eq. (4), is shown in Fig. 5 , for the same conditions as those in Fig. 4 . At  = 45 and Fs = 20 wt%, where h x is highest, the heat transfer coefficient ratio  is small. However,  is highest near the injection point at Fs = 20wt% with  = 15 and 30. In the area before injection, local heat transfer coefficients h x may strongly depend on the total flow rate at constant Fs and . As previously stated in the discussion of Fig.   3 , the injection flow will push down or block the main flow, depending on . Then, the reflection or swirls formed before the injection flow will affect h x just before the injection area, as shown in Fig. 8 . The local heat transfer coefficients after the injection show a tendency to increase with the total flow rate.
Effect of velocity ratio and injection angle
Because of the mechanism previously described, for  = 45, h x showed its maximum and the differences in h x caused by the flow rate are rather small. However, for  = 30, the area where h x show its maximum shifts in the downstream direction. For  = 15, the effect of increasing the flow rate is clearly observed. pg. 19
Overall evaluation
In the above discussions for the Figs. 4 -9 , the effects of parameters on h x and  were discussed. While the behaviors of h x and  seem to be clear, separating the effects of individual parameters is rather difficult. Integrated averages of both h x and  were employed to evaluate behavior in the following three areas: before the injection area, after the injection area, and on the total area of the heated surface. For each area, the effects of  and  were discussed. Figure 10 shows the average of the local heat transfer coefficients (h x ) ave . Note that an "average local heat transfer coefficient" differs from an "average heat transfer coefficient."
In general, in the case of the horizontal heated plate, h x is highest at the inlet and gradually decreases along the flow, as shown in Fig. 2 . Both the injection velocity and injection angle dominate the "average local heat transfer coefficient" (h x ) ave in the area after injection. As shown in Fig. 10 , in the present results, (h x ) ave in the area after injection is highest for  = 9 and  =45. However, the values averaged over the total area are clearly almost independent of injection angle, while they decreased at  =3 for every  and showed the smallest values at  = 3 and  = 30. Fig. 10 for the case  = 15, then we notice that higher results for (h x ) ave are consistently obtained. The mechanism of these tendencies can be explained with reference to Fig. 12 . For small injection angles, the injection flow will push ice particles in the main flow to the heated surface, as shown in the figure. As a result, contact between ice particles and the heated surface will be better than that in the other cases.
Conclusions
In the present study, we investigated an injection method for enhancing the melting heat transfer of ice slurries. In our method, which differs from the conventional injection method, the ice-slurry flow was bifurcated before the heat transfer section into two flow lines: the main flow and injection flow into the heat transfer section. One advantage of this approach is that an additional pump is not needed to drive the pg. 21 Although we obtained different tendencies for the heat transfer coefficient and heat transfer coefficient ratio, evaluations using the heat transfer coefficient ratio  were thought to be more appropriate because large values of  imply heat transport mechanisms in which the latent heat of the ice slurry is efficiently utilized.
The injection flow not only enhances the heat transfer by ice particles colliding with the heated surface but also pushes the main flow down to the heated surface, at least for small values of  and . Therefore, even when the main flow rate is small, by setting  and  appropriately, the enhanced heat transfer due to melting ice will be available.
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We found that the most suitable conditions for utilizing the latent heat of ice slurries Heat transfer coefficient ratio Local heat transfer coefficent ratio pg. 34
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